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TGF-ßActivins are members of the TGF-ß superfamily of secreted growth factors that control a diverse array of
processes in vertebrates including endocrine function, cell proliferation, differentiation, immune response
and wound repair. In Drosophila, the Activin ligand Dawdle (Daw) has been shown to regulate several
aspects of neuronal development such as embryonic axonal pathﬁnding, neuroblast proliferation in the larval
brain and growth cone motility in the visual system. Here we identify a novel role for Activin signaling in
regulating synaptic growth at the larval neuromuscular junction (NMJ). Mutants for Daw, the Activin type I
receptor Baboon (Babo), and the signal transducer dSmad2, display reduced NMJ size suggesting that Daw
utilizes a canonical Activin signal-transduction pathway in this context. Additionally, loss of Daw/Babo
activity affects microtubule stability, axonal transport and distribution of Futsch, the Drosophila microtubule
associated protein 1B (MAP1B) homolog. We ﬁnd that Babo signaling is required postsynaptically in the
muscle, in contrast to the well-characterized retrograde BMP/Gbb signal that is required for synaptic growth
and function in presynaptic cells. Finally, we show that the Daw/Babo pathway acts upstream of gbb, and is
involved in maintenance of muscle gbb expression, suggesting that Activins regulate NMJ growth by
modulating BMP activity through transcriptional regulation of ligand expression.al and Cell Biology, University
824 4709.
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Nervous system function is critically dependent on both the
correct establishment of synaptic connections between neurons and
their targets during development, and the ability of the synapse to
respond to its environment and experience in a dynamic manner. The
Drosophila neuromuscular junction (NMJ), formed between the
glutamatergic motoneurons and body wall muscles, provides a
powerful system for analysis of the molecular and cellular mechan-
isms that control synaptic growth and function. When the NMJ is
established in the embryo, it consists of a minimally branched axon
terminal containing only a few boutons — presynaptic structures
specialized for neurotransmitter release. During larval development
the NMJ grows rapidly, through increased arborization, the addition of
boutons, and active zones within each bouton, to maintain parity with
the dramatic change in muscle size (Schuster et al., 1996; Zito et al.,1999). The precise coordination of motoneuron and muscle develop-
ment necessitates bidirectional communication between the two cell
types. Consistent with this, experimental perturbations that alter
muscle excitability result in compensatory changes in the presynaptic
neuron, that allow it to maintain synaptic output (Budnik et al., 1990;
Davis and Bezprozvanny, 2001; Paradis et al., 2001; White et al.,
2001).
Although the regulatory networks required for trans-synaptic
signaling and coordinated growth at the NMJ are not well understood,
it is now clear that secreted ligands of the Wnt and Bone
Morphogenetic Protein (BMP) families are key players in this process
(reviewed in Collins and DiAntonio, 2007; Marques et al., 2003;
Packard et al., 2003). Loss of the Drosophila Wnt1 ortholog Wingless
(Wg) during larval development results in reduced bouton numbers
and altered synaptic ultrastructure. Wg is released by synaptic
boutons, and binding to DFrizzled2 (DFz2) in muscle cells results in
internalization, cleavage and nuclear import of this non-canonical
receptor. Muscle-speciﬁc disruption of the DFz2 nuclear import
pathway speciﬁcally results in defects in pre- as well as postsynaptic
cells. This suggests that in addition to acting as an anterograde signal,
Wg is also required for generation of a retrograde signal necessary for
presynaptic cell specialization (Mathew et al., 2005).
The BMP ligand Glass bottom boat (Gbb) has been identiﬁed as a
retrograde signal required for NMJ growth. Gbb acts through the type
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type I receptors Thickveins (Tkv) and Saxophone (Sax). Formation of a
ligand–receptor complex results in phosphorylation of Mothers
against Dpp (Mad), a BMP-speciﬁc Smad that complexes with the
co-Smad Medea (Med) and accumulates in the nucleus to regulate
transcription. Disruption of gbb, wit, tkv, sax, Mad and Med activity
results in decreased synaptic size, impaired active zone ultrastructure
and synaptic transmission (Aberle et al., 2002; Marques et al., 2002;
McCabe et al., 2003, 2004; Rawson et al., 2003). Gbb is expressed in
muscles and NMJ growth defects seen in themutant can be rescued by
muscle-speciﬁc expression of Gbb, consistent with its function as a
retrograde cue. Further, neuronal expression of the BMP receptors and
Smads is able to rescue the bouton loss phenotype in the respective
mutants, supporting the idea that BMP pathway activation is required
in the presynaptic cell (McCabe et al., 2004). Evidence that BMP-
dependent gene transcription is necessary for proper NMJ growth and
function comes from the ﬁnding that blocking pMad accumulation in
motoneuron nuclei through disruption of retrograde axonal transport
phenocopies wit mutants (Eaton et al., 2002; McCabe et al., 2003).
Mutations in BMP pathway components have also been shown to
affect microtubule stability and axonal transport suggesting that this
may be one mechanism through which BMP signaling impacts NMJ
growth (Aberle et al., 2002; Wang et al., 2007). In addition, Gbb/Wit
activity is required for several other aspects of NMJ function, such as
synapse stabilization and homeostasis, independent of its role in
synaptic growth control (Eaton and Davis, 2005; Goold and Davis,
2007; Haghighi et al., 2003).
Given the pivotal role of BMP signaling in synaptogenesis,
regulation of Gbb pathway output is an important step in ensuring
proper NMJ development. Mutations in several genes involved in
endocytosis and BMP receptor trafﬁcking, including spinster,
spichthyin, and nervous wreck, lead to unrestricted NMJ growth and
supernumerary satellite boutons, indicating that they function to limit
BMP signaling (O'Connor-Giles et al., 2008; Sweeney and Davis, 2002;
Wang et al., 2007). Consistent with this, mutations in Daughters
against Dpp, an inhibitory Smad that blocks receptor activity, result in
similar phenotypes (O'Connor-Giles et al., 2008). While these studies
highlight the importance of regulatorymechanisms in the neuron that
modulate BMP activity downstream of receptor activation, the means
by which gbb expression is controlled remain to be resolved.
Recent studies have begun to uncover important roles for Activin
ligands in regulating neuronal development and function. Like the
BMPs, Activins also belong to the evolutionarily conserved Transform-
ing Growth Factor-ß (TGF-ß) superfamily. Two Activins, Dawdle
(Daw) and Activin-ß (Actß, also known as dActivin), have been
genetically characterized in Drosophila. We previously showed that
Daw is required for motor axon guidance during embryonic
development. In daw mutants motoneuron pathﬁnding is delayed,
and axons stall prior to entering their target muscle ﬁelds.
Interestingly these defects do not persist, and are corrected by the
third larval instar. Even though Daw is expressed in muscles it does
not provide directional cues, but rather acts as a competence factor for
axon extension (Parker et al., 2006; Serpe and O'Connor, 2006). The
second ligand, Actß affects neuronal remodeling by regulating
expression of ecdysone receptor EcR-B1, that is necessary for the
ecdysone-triggered reorganization of larval neuronal connections
during pupal morphogenesis (Zheng et al., 2003). Activin signaling is
also implicated in the morphological differentiation of other adult-
speciﬁc neurons (Zheng et al., 2006). More recently Actß was shown
to regulate growth cone motility in the visual system by providing an
inhibitory signal that restricts R7 photoreceptor axons into distinct
columnswithin the developing brain (Ting et al., 2007). Both Daw and
Actß signal through the type II receptor Punt (Put) and the type I
receptor Baboon (Babo), and phosphorylate the Activin pathway-
speciﬁc dSmad2 (Brummel et al., 1999; Das et al., 1999; Gesualdi and
Haerry, 2007; Parker et al., 2006; Serpe and O'Connor, 2006).Although Daw and Actß can function independently, they have been
shown to act redundantly in regulating neuroblast proliferation in the
optic lobe of the larval brain (Zhu et al., 2008).
To further elucidate the regulatory pathways that inﬂuence NMJ
growth, we investigated daw function during larval development.
These studies identiﬁed a novel role for Activin signaling in regulating
NMJ growth and microtubule stability. Mutants for daw, babo or
dSmad2, display reduced bouton numbers, as do BMP pathway
mutants. We demonstrate that unlike Gbb, which provides a
retrograde signal to the motoneuron, Daw signals to the postsynaptic
muscle to regulate synaptic growth. Furthermore, Daw/Babo signal-
ing promotes gbb expression in the muscle, and is genetically
upstream of the presynaptic BMP signaling pathway. Based on these
ﬁndings we propose that an Activin signaling pathway regulates NMJ
growth, in part by modulating the related BMP pathway through
transcriptional regulation of the ligand Gbb.
Materials and methods
Drosophila strains and genetics
Stocks were from the Bloomington Stock Center unless speciﬁed.
All alleles were null or severe loss-of-function mutations unless
mentioned otherwise: dSmad2388 (hypomorph), babo32, babo52, tkv1
(hypomorph), tkv7, Mad10, Mad12, sax1 (hypomorph), sax4, UAS-tkv-
RNAi (Vienna Drosophila RNAi Center), UAS-babo-RNAi, UAS-BaboA,
UAS-TkvA, G14-Gal4 and OK6-Gal4 (M. B. O'Connor, University of
Minnesota, MN), dMef2-Gal4 (E. Olson, University of Texas South-
western Medical Center, Dallas, TX). All stocks were placed in a y−w−
background. dawΔ1, dawΔ2 and daw3 are described in Parker et al.
(2006). The UAS-gbb99/+, gbb1/gbb2 allelic combination (K.Wharton,
Brown University, Providence, RI), allows a signiﬁcant fraction of
gbb1/gbb2 animals to survive to third instar (McCabe et al., 2003).
Locomotor assays
Rare daw− escapers were used to assess locomotor ability in an
adult climbing assay. Conditions for recovery of daw− escapers are
described in Parker et al. (2006). Flies were collected within a day of
eclosion and aged for 48 h. Individual ﬂies were placed in a graduated
vertical chamber, allowed to acclimate for 5 min, gently tapped to the
bottom, and the distance climbed in a 10 s period measured. Results
from 10 successive trials per ﬂy were averaged to provide one data
point (n=10 for y−w− and 14 for dawΔ1/daw3). Error bars represent
standard deviation (SD). Statistical analysis was performed using
Students T-test.
Larval locomotion was assessed using an 8.5 cm diameter Petri
dish containing 3% non-nutritive agar (Pereira et al., 1995). A circular
white card 1.5 cm in diameter was taped to the bottom of the dish to
mark the central release zone. Homozygous mutants and heterozy-
gous control larvae were segregated at second instar, and cultured
separately to early third instar. 5–10 animals were washed brieﬂy in
distilled water to remove any traces of food and placed at the center of
the dish. The time taken for each animal to exit the release zone was
recorded (nN100 for each genotype).
Immunohistochemistry
Between 25 and 50 ﬁrst instar larvae were raised on orange juice-
agar plates supplemented with yeast, to control for crowding.
Wandering third instar larvae were dissected in PBS or ice-cold Ca2+-
free Ringers solution (microtubule visualization), and ﬁxed in 4%
formaldehyde and 0.4% IGEPAL for 30 min. For visualization of
microtubule loops larvae were ﬁxed in Bouin's ﬁxative for 25 min, to
reduce muscle microtubule staining (Sherwood et al., 2004). For taxol
treatment, dissected larvae were incubated in Ca2+-free Ringers
123J.E. Ellis et al. / Developmental Biology 342 (2010) 121–133containing either 75 μM taxol (Sigma) in 0.2% DMSO or DMSO alone
(control), for 60 min prior to ﬁxation (Wang et al., 2007). Primary
antibodies were from Developmental Studies Hybridoma Bank unless
mentioned otherwise: anti-Dlg (1:100); Cy3 conjugated anti-HRP
(Sigma, 1:500); anti-Futsch (mAb 22C10, 1:100); anti-acetylated α-
tubulin (6-11B-1, Sigma, 1:500); anti-α-tubulin (Sigma, 1:100); anti-
Syt (1:50); Alexa-555 goat anti-rabbit and Alexa-488 goat anti-mouse
(Promega 1:200). Larvaewere incubated in primary antibody overnight
at 4 °C, and in secondary antibody for 4 h at room temperature, before
mounting in Vectashield (Vector Labs).
Imaging and quantiﬁcation
Images were acquired on a Zeiss LSM510 META laser-scanning
microscope. Z sections were 2D projected using Zeiss Meta software.
LSM images were converted using ImageJ software (NIH) and
assembled using Photoshop. The numbers of type 1b boutons were
quantiﬁed at muscle 6/7 in abdominal segments A2 and A5 and
corrected for muscle size. Bouton area was determined by measuring
the widest bouton dimension and multiplying by the perpendicular
planar axis. Statistical analysis was performed using Students T-test
(*pb0.05, **pb0.001, and ***pb0.0001). Error bars indicate SD. Data
presented for comparison were processed and imaged under identical
confocal settings.
To quantify tubulin staining, mutant and control animals were
double stained with anti-acetylated α-tubulin and anti-HRP, pro-
cessed in parallel, and confocal images acquired under identical
settings. Intensity measurements in axonal segments of ﬁxed length
were obtained using ImageJ and Zeiss Meta software, and tubulin
levels were normalized relative to HRP (n=5 nerve bundles).
qPCR analysis
The body wall musculature was dissected from third instar y−w−
control and babo32/babo52 mutant larvae. Total RNA was extracted
using Trizol (Invitrogen) according to themanufacturer's instructions.
First-strand cDNA was synthesized from 1 μg total RNA using
Superscript™III reverse transcriptase (Invitrogen). Primers gbb-Q-F
5′-ATCAGGATGAGGACGACGAC-3′, and gbb-Q-R 5′-GTCCAGGTCGGT-
GATGAAGT-3′ and rp49-F 5′-TGACCATCCGCCCAGCATACAGG-3′, and
rp49-R 5′-TGGCGCGCTCGACAATCTCCTT-3′ were used to amplify
cDNAs for gbb and the rp49 control, respectively. qPCR was performed
using FastStart Universal SYBR green master (Rox) (Roche) and the
iQ™5 Real-Time PCR Detection System (Bio-Rad) and analyzed by
iQ™5 software. All reactions were set up in triplicate. Quantiﬁcation of
mRNA levels was performed using the comparative threshold cycle
method (Schmittgen and Livak, 2008).
Results
daw mutants display locomotor defects
Mutants for daw display multi-phasic lethality, with 9–25% of null
animals dying during embryogenesis, and the majority perishing
during larval and pupal stages. Mutant larvae show reduced motility,
and a signiﬁcant percentage of animals that survive to pharate adult
stage, do not eclose despite rupturing the operculum. Occasional
escapers that hatch unaided survive for no more than 4 days (Parker
et al., 2006; Serpe and O'Connor, 2006). These adults display defects in
locomotion, including dragging their legs, difﬁculty standing upright
and climbing. To assess the locomotor defects we compared the
performance of dawΔ1/daw3 escaper adults with sex and age-matched
controls in a climbing assay. Flies were released into a graduated
chamber, allowed to acclimate, and the vertical distance traversed in
10 s was measured. dawmutants exhibit a normal geotactic response,
but on average traversed only 75% of the distance covered by controlanimals (15.3±5.8 versus 20.3±4.0 cm, pb0.0001), indicating
compromised locomotor function (Figs. 1A, B).
We also examined locomotor activity in larvae. In the absence of a
local food source, third instar larvae placed on non-nutritive agar
plates at the center of a ‘release zone’ display dispersal behavior and
rapidly move away from their point of origin (see Materials and
methods). We found that on average dawΔ1/daw3 larvae take 30%
more time to exit the release zone compared to heterozygous controls
(20.8 s versus 15.7 s, pb0.0001, Fig. 1C). Larvae mutant for Babo, the
type I receptor required for Daw signaling (Parker et al., 2006), also
show locomotor defects. babo32/babo52 larvae take an average of
39.4 s to leave the release zone, more than twice as long as controls
(Fig. 1C). Consistent with this, a plot displaying the % of the population
that has exited the release zone in a given time is shifted to the right
for daw and babo mutants, relative to control larvae (Fig. 1D).
Given that motoneuron extension is stalled in daw− embryos
(Parker et al., 2006), one explanation for their reduced mobility could
be the persistence of these neuromuscular connectivity defects.
However we, and others, have found that pathﬁnding is simply
delayed in daw mutants, and by third larval instar the defects have
been corrected (Serpe and O'Connor, 2006; and see below). The broad
temporal requirement for daw and the ﬁnding that locomotor ability
is defective in both larvae and adults, reﬂect additional functions for
Daw activity independent of its role in embryonic pathﬁnding.
Daw and its pathway components, Babo and dSmad2, are required for
NMJ growth
In order to investigate the basis for the locomotor defects, we
examined the morphology of the larval NMJ. Larval ﬁllets were
labeled using anti-HRP, a presynaptic membrane marker, and anti-
Discs-large (Dlg), a scaffolding protein enriched in the postsynaptic
muscle membrane at the subsynaptic reticulum (Lahey et al., 1994).
We quantiﬁed the number of type Ib boutons at muscle 6/7 in
abdominal segments A2 and A5 (Atwood et al., 1993; Budnik and
Gorczyca, 1992; Keshishian et al., 1993; Kurdyak et al., 1994; Prokop,
2006), and found that the size of the NMJ appears smaller in daw−
larvae. Analysis of the anterior (A2) segment revealed a reduction in
the number of type Ib boutons in dawΔ1/daw3 larvae to 75% of control
(Figs. 2A, C, I, 46.6±8.6, n=15, versus 62.3±14.8, n=22 in y−w−,
p=0.0008, see Materials and methods). As described in previous
studies, comparable NMJs in more posterior segments contain fewer
numbers of boutons (Hurd and Saxton, 1996). Consistent with this
we found that y−w− larvae contained an average of 39.3±7.8
boutons in muscle 6/7 NMJs at segment A5, compared to 62.3±14.8
at A2 (Figs. 2B, I). By comparison daw− larvae had 25.5±9.6 boutons
at A5, an overall reduction to 65% of control (Figs. 2B, D, I; n=13 and
23 respectively, pb0.0001). Homozygous dawΔ2 larvae also show a
signiﬁcant reduction in bouton number at A5, conﬁrming that the
defect is not allele speciﬁc (56.1±17.1 in A2, n=17 and 22.9±8.8,
n=37 in A5; p=0.24 and pb0.0001 respectively, data not shown).
The reduction in bouton number was associated with a shift in the size
distribution and an increase in the average bouton size (Figs. 2J, K). In
control larvae the average type Ib bouton size in A5 was 10.8±6.0,
compared to 14.9±8.1 μm2 in daw mutants (n=237 and 265
respectively; pb0.0001). A similar inverse relationship between bouton
number and size has been reported for mutations in other genes that
regulate NMJ growth, and is thought to reﬂect a compensatory
mechanism to maintain synaptic output when growth is impacted
(Grifﬁth and Budnik, 2006).
To determine if Daw utilizes its canonical signaling pathway to
inﬂuence synapse growth, we analyzed NMJ morphology in larvae
mutant for Babo and the signal transducer dSmad2. babo32/babo52
larvae also showed a signiﬁcant decrease in bouton number with
comparable loss in both A2 (55% of control, 34.4±11.7, n=8) and A5
segments (62% of control, 24.4±4.9, n=19; pb0.0001, Figs. 2E, F, I). In
Fig. 1. dawmutants show defects in larval and adult locomotion. (A, B) Adult ﬂies were assayed for climbing ability by measuring distance traversed in a vertical graduated chamber
over a 10 s period (see Material and methods). (A) dawΔ1/daw3 mutants climbed 15.3±5.8 cm compared to 20.3±4 cm for y−w− controls. (B) Distribution of distance climbed by
daw− and control animals. daw mutants display a much wider range of distribution that is shifted to the left compared to controls, reﬂecting their relatively poor climbing
performance. (C, D) Larval locomotion was assayed by measuring the time taken to crawl away from a central release zone when placed on non-nutritive agar. (C) y−w− animals
take on average 15.9 s to exit the release zone, similar to daw−/+ (15.7 s) or babo−/+ (14.9 s) heterozygous larvae. In contrast, dawΔ1/daw3 and babo32/babo52 show signiﬁcant
delays in exit time (20.8 s and 39.4 s, respectively). (D) Population curve showing percent animals that exited the release zone as a function of time. daw− and babo− larvae display a
shift to the right consistent with reduced locomotor function. Error bars indicate SD (***pb0.0001).
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A2 (n=9; pb0.13) and 29.5±5.5 in A5 (n=20; pb0.0001, Figs. 2G–I),
suggesting a more severe loss in posterior segments. The relatively
modest effect in dSmad2 compared to babo and daw mutants is not
unexpected, as dSmad2388 is a hypomorphic mutation that retains
partial function (Zheng et al., 2003). Again, the reduction in bouton
numbers was accompanied by a corresponding increase in bouton size
(19.7±10.1 μm2, n=202; pb0.0001 in babo− and 13.0±6.1 μm2,
n=207; pb0.0001 in dSmad2−, Figs. 2J, K). In babo− larvae only 13% of
type Ib boutons are ≤10 µm2 in size, compared to 50% in control
animals. Taken together, these results implicate the ligand Daw, as well
as components of the canonical Activin pathway in regulation of
synaptic growth at the NMJ.
Daw pathway mutants display defects in Futsch distribution
To gain insight into the daw phenotype we examined the
distribution of several markers, including the microtubule binding
protein Futsch. Futsch and its vertebrate ortholog MAP1B regulate
microtubule dynamics, and futschmutants exhibit defects in synaptic
microtubule organization and reduced bouton numbers. Futsch co-
localizes with stable neuronal microtubule cytoskeleton and labels
axon bundles as well as synaptic boutons (Bettencourt da Cruz et al.,
2005; Roos et al., 2000). We examined Futsch expression in third
instar larval ﬁllets using mAb 22C10 and anti-HRP to follow neuronalprojections. In y−w− controls, Futsch can be visualized both at the
NMJ (Figs. 3A, B) and along motoneuron axon bundles in anterior and
posterior segments (Figs. 3E–E"). In daw− larvae we observed a
reduction in Futsch levels that is more pronounced in posterior
segments. Analysis of the NMJ revealed only a modest reduction of
Futsch staining in segment A2 (Fig. 3C), and a more striking loss in the
posterior A5 segment, where little staining was detected (Fig. 3D,
compare with 3B). Likewise in the axon bundles, Futsch levels were
reduced in daw− compared to control larvae, and this effect was more
severe in posterior segments that are innervated by longer axons
(compare regions marked with arrowheads and arrows in Figs. 3F',
F"). In contrast, there was no apparent difference in staining for the
neuronal membrane marker HRP in dawmutants. We tested if normal
Futsch distribution requires the activity of the Daw signal-transduc-
tion pathway. A similar reduction in Futsch levels was detected in
both babo and dSmad2mutants, although the effect was less severe in
the hypomorphic dSmad2388 allele (Figs. 3G–H"). Taken together
these data argue that an Activin signaling pathway initiated by Daw
affects Futsch distribution at the NMJ as well as in motoneuron axon
bundles.
Activin signaling affects the microtubule cytoskeleton
Since Futsch is known to modulate microtubule stability, the
dramatic decrease in Futsch staining indaw and babomutants suggested
Fig. 2. Daw signaling pathwaymutants show reduced NMJ growth. (A–H) NMJ at muscle 6/7 in third instar larvae labeled with anti-Dlg (green) and the neuronal membrane marker
HRP (red). Two abdominal segments, A2 (A, C, E, and G) and A5 (B, D, F, and H), are shown. (A, B) In control y−w− animals, the muscle 6/7 NMJ typically comprises two major
branches on each muscle with multiple boutons per branch. (C, D) dawΔ1/daw3 NMJs are smaller and have fewer boutons, particularly in the posterior segments. Mutations in Daw
pathway components, babo32/babo52 (E, F) and dsmad2388/Y (G, H), also show a reduction in NMJ size and bouton number. (I) daw, babo and dSmad2 mutants show statistically
signiﬁcant reduction in average number of type 1b boutons compared to the corresponding A2 or A5 segment in control larvae. In daw and dSmad2mutants the phenotype is more
severe in the posterior segments; while babo mutants show similar % reduction in both A2 and A5. Bouton numbers were normalized to correct for differences in muscle size (see
Materials and methods). (J, K) Quantiﬁcation of type Ib bouton area in muscle 6/7 NMJs at segment A5. (J) In Activin pathway mutants, the distribution is shifted towards larger
bouton sizes compared to y−w−. For key to genotypes see K. (K) Average bouton area shows a statistically signiﬁcant increase in daw, babo and dSmad2 mutants compared to
controls (*pb0.05, **pb0.001, and ***pb0.0001). Error bars indicate SD.
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We therefore stained babo− larvae with anti-acetylated α-tubulin that
labels stablemicrotubules (Goold et al., 1999; Piperno and Fuller, 1985),
and analyzed their distribution inmotoneuron axonbundles as they exit
the ventral nerve cord. Visualization of anti-HRP served as a control for
the staining reaction. In control y−w− animals acetylatedα-tubulinwas
distributed at high levels throughout the axon bundle (Fig. 4A). In
contrast, comparison of ﬂuorescence intensity revealed that on average
in babo mutants, immunoreactivity was reduced to 65% of control
(Fig. 4B,p=0.049,n=5nervebundles; seeMaterials andmethods).We
tested whether pre-treatment of live dissected larvae with taxol, a drug
that enhances microtubule stability, could ameliorate the effect
observed on the cytoskeleton. Taxol levels that had no apparent effect
in control larvae were sufﬁcient to reverse the loss of acetylated α-
tubulin in babo mutants (Figs. 4D, E). To determine if the reduced
microtubule stability had any functional consequences, we examined
microtubule-dependent transport in babo mutants. Synaptotagmin
(Syt), a synaptic vesicle protein, is synthesized in the cell body and
delivered to synaptic termini through fast-axonal transport. In y−w−
larvae, Syt can be barely detected at low levels throughout the length of
the axon bundle (Fig. 4G). By contrast, in babomutants Syt accumulates
in puncta (Fig. 4H), similar to those seen in kinesin and dynein mutants
where microtubule-dependent transport is disrupted (Gunawardena etal., 2003;Hurd and Saxton, 1996). Thesedata indicate that loss of Activin
signaling affects axonal microtubule organization and transport.
The organization and dynamics of microtubules at the synaptic
termini are known to affect NMJ growth. In wild-type larvae
microtubule bundles form looped structures in a subset of synaptic
boutons, especially those located at nerve terminal branches and in
distal boutons. Microtubule loops are thought to mark boutons where
growth is arrested, while boutons containing splayed microtubules
correspond to those undergoing growth (Ruiz-Canada and Budnik,
2006). Previous studies have shown that loss of Futsch results in a
more diffuse microtubule organization, and a lower incidence of
microtubule loops that is correlated with reduced NMJ growth
(Bettencourt da Cruz et al., 2005; Roos et al., 2000). In babo mutants
stained with α-tubulin antisera we found that the incidence of
microtubule loops per NMJ at terminal boutons was signiﬁcantly
lower (0.2±0.42 compared to 3.0±2.07 in y−w− controls, n=10
and 8; p=0.0007, Figs. 4J, K), consistent with the reduction in Futsch
staining in these animals. These data suggest that altered microtubule
stability and function could contribute to the NMJ growth phenotype
encountered in the absence of Daw/Babo signaling.
The impact of Activin signaling on NMJ growth and microtubule
integrity is intriguing since the related BMP pathway that plays a well-
established role in regulating synaptic growth and plasticity (reviewed
Fig. 3. Futsch distribution is disrupted in Activin signaling pathway mutants. Filleted third instar larvae labeled with Cy3-conjugated anti-HRP (red) and anti-Futsch (green). (A–D)
Muscle 6/7 NMJs at abdominal segment A2 and A5. (E–H) Confocal images showing segmental nerves projecting into the A2–A5 abdominal region. One half of the larvae is shown.
Ventral midline is to the right in this and other similar panels. Segments A2 to A5 are marked. (A, B) Futsch is detected at similar levels in A2 and A5 NMJs of y−w− controls. (C, D) In
dawΔ1/daw3 Futsch levels are reduced in segment A5 compared to A2 in the same animal and y−w− controls. (E–E") In y−w−, axon bundles labeled with anti-HRP also show strong
staining with anti-Futsch. (F–F") In dawΔ1/daw3, Futsch levels are signiﬁcantly reduced in the nerve bundles innervating the posterior segments (arrow in F and F"), while still
detectable in anterior segments (arrowhead in F and F"). By comparison, HRP staining is robust in both locations. (G–G") Similar reduction in Futsch labeling intensity is seen in
babo32/babo52, as marked by arrowheads (anterior) and arrows (posterior). (H–H") In the hypomorphic allele dsmad2388/Y, reduced Futsch levels are evident primarily in the
posterior segments (arrow in H and H"). Here and in successive panels, images for comparison were captured under identical confocal settings.
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Fig. 4. Loss of Activin signaling disruptsmicrotubule cytoskeleton and axonal transport. (A–F') Larval segmental nerves double stained to detect anti-acetylatedα-tubulin (A–F) and Cy3-
conjugated anti-HRP (A'–F'). Acetylated α-tubulin levels are reduced in (B) babo32/babo52 to 65%, and (C) tkv1/tkv7 to 63% of control y−−w− (A). (D–F) Taxol treatment restores stable
microtubule levels in babo− (E) and tkv− (F) axons similar to control animals (D). (G–I) Anti-Syt labeling is diffuse in y−w− (G), but accumulates in Syt-positive puncta in babo− (H), and
tkv− (I) axonbundles, indicatingdefects inmicrotubule transport. (J–L)Highmagniﬁcation viewof synaptic boutons atNMJ 6/7, labeledwith anti-α-tubulin and anti-HRP. (J)Microtubule
loops can be observed within terminal boutons in y−w− (arrow), but are less frequent in boutons (arrowhead) in babo (K) or in tkv (L) mutants.
127J.E. Ellis et al. / Developmental Biology 342 (2010) 121–133in Keshishian and Kim, 2004; Marques, 2005; Marques and Zhang,
2006), has also recently been shown to promote microtubule stability.
Mutants for the Gbb type II receptorWit display defects in Syt transport
(Aberle et al., 2002). In addition, larvae mutant for the BMP type I
receptor Tkv also display a taxol-reversible decrease in acetylated α-
tubulin levels, defective microtubule transport and loss of Futsch from
distal boutons (Wang et al., 2007; see also Figs. 4C, F and I). Consistent
with this, our analysis of tkvmutants revealed a signiﬁcant reduction
in microtubule loops per NMJ in distal boutons (0.33±0.5 compared
to 3.0±2.07 in y−w− controls, n=9 and 8; p=0.0019; Fig. 4L).
Given the overlapping requirements for Babo and Tkv activity in
microtubule stability, we examined whether disruption of BMP
signaling also impacts axonal Futsch distribution. We found that
mutants for the ligand Gbb, receptors Tkv and Sax, and the transducer
Mad, all showed reduction and progressive loss of Futsch, similar to
babo mutants (gbb− in Figs. 5F–F', and Fig. S1).
babo activity is required in the postsynaptic cell
Asmentioned previously, Gbb is a target derived cue that signals in
a retrograde direction to its receptors Tkv and Wit in the neuron
(Aberle et al., 2002; Marques et al., 2002, 2003; McCabe et al., 2003).
To determine whether Activin signaling is required in pre- or
postsynaptic cells we examined the effect of depleting endogenous
type I receptors in a tissue-speciﬁc manner. UAS-babo-RNAi and UAS-
tkv-RNAi transgenes were used to downregulate Activin and BMP
signaling, respectively (Dietzl et al., 2007).We drove expression of the
UAS-transgenes either in motoneurons (OK6-Gal4; Aberle et al.,
2002) or in muscles (dMef2-Gal4; Ranganayakulu et al., 1996). As
expected, tissue-speciﬁc knockdown of Tkv in motoneurons resulted
in a reduction in bouton numbers, while expression in muscles had no
signiﬁcant effect (Fig. 5A, p=0.025 for motoneurons, p=0.54 for
muscles; n=15 and 10, respectively). We also examined whetherFutsch distribution was linked to BMP pathway activation in the
neuron. Expression of UAS-tkv-RNAi in motoneurons, but not in
muscles, resulted in reduced intensity of Futsch staining similar to the
defects seen in gbb and other BMP pathwaymutants (Figs. 5C, E, F; see
also Fig. S1), conﬁrming that presynaptic BMP signaling is important
both for synaptic growth and normal Futsch levels.
In contrast to the presynaptic requirement for BMP signaling, we
found that depletion of Babo in the muscle resulted in a signiﬁcant
reduction in bouton numbers (Fig. 5A; 67% of Gal4 controls;
pb0.0001, n=15 and 14). By comparison, babo-RNAi expression in
motoneurons did not impact the average number of boutons
(p=0.38, n=14 and 12). Likewise, Futsch distribution was only
affected when babo-RNAi was expressed in muscles, recapitulating
the babo and daw mutant phenotypes (Figs. 5B, D, compare with
Figs. 3F, G). Thus our data indicate that growth of the larval NMJ is
dependent on the ability of postsynaptic muscle cells to transduce a
Daw/Babo signal, that in turn impacts presynaptic motoneuron
development.
daw acts upstream of the BMP signaling pathway
The striking overlap in phenotype of BMP and Activin mutants raised
thepossibility that although their activities are required in theneuronand
the target muscle, respectively, the pathwaysmay converge to regulate a
common process at the NMJ. To investigate the epistatic relationship
between the BMP and Activin pathways we used constitutively active
TkvA andBaboA receptors to testwhether upregulation of BMPorActivin
signaling could rescue daw− animals (Brummel et al., 1999; Lecuit et al.,
1996; Nellen et al., 1996). We assayed both NMJ growth and Futsch
distribution. Presynaptic expression of UAS-BaboA in daw mutants, had
no signiﬁcant effect on either bouton number (24.9±5.4; p=0.19, n=9
and 11) or Futsch distribution compared to daw−, OK6-Gal4 controls
(n=11; Figs. 6A, B). In contrast, expression in larvalmuscles resulted in a
Fig. 5. Activin type I receptor function is required in the muscle. (A) Graph represents quantiﬁcation of average bouton numbers at NMJ 6/7 in segment A5, normalized to individual
Gal4 driver/+. Bouton numbers are signiﬁcantly reduced by tissue-speciﬁc RNAi-mediated knockdown of babo in muscles (dMef2-Gal4) but not in motoneurons (OK6-Gal4). In
control experiments, tkv-RNAi affects NMJ growth only when expressed in motoneurons. (*pb0.05, **pb0.001, and ***pb0.0001). Error bars indicate SD. (B–F') A2–A5 region of
ﬁlleted third instar larvae labeled with anti-HRP (red) and anti-Futsch (green). Futsch levels are not affected by presynaptic expression of babo-RNAi (B, B'; compare with Figs. 3E–
E'), but are impaired when tkv function is targeted (C, C'). In contrast, postsynaptic expression of babo-RNAi results in reduced Futsch staining in posterior segments (D, D'), while no
signiﬁcant difference was seen with tkv-RNAi (E, E'). A similar reduction in Futsch levels is encountered in the posterior segments of UAS-gbb99/+; gbb1/gbb2 animals (arrow in F, F',
see Materials and methods. For mutants in the BMP signal-transduction pathway see Fig. S1.
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segment A5 to 43.5±14.2, signiﬁcantly higher than daw−, dMef2-Gal4
larvae (26.6±4.3, p=0.0002, n=11 and 15, Fig. 6A), and comparable to
y−w− controls (39.3±7.8; see Fig. 2I). In addition, BaboA expression in
muscles also restored Futsch levels in posterior segments (Fig. 6D). These
data support our ﬁnding that an Activin pathway initiated by Daw is
required postsynaptically, to promote growth of the NMJ.
Interestingly, the loss of daw function could also be compensated
for by tissue-speciﬁc activation of BMP signaling. When UAS-TkvA
was expressed in daw− larval muscles, no signiﬁcant change wasobserved either in bouton numbers (Fig. 6A, 23.3±6.7, p=0.098,
n=24 and 15), or in Futsch staining (Fig. 6E, compare with daw− in
Fig. 3F). However, presynaptic expression of TkvA resulted in a
modest but signiﬁcant increase in average bouton numbers at A5
(Fig. 6A, 26.3±5.3, p=0.02, n=31 and 11), and ameliorated Futsch
distribution defects (Fig. 6C). Given the ﬁnding that presynaptic
TkvA expression can rescue these aspects of the daw mutant
phenotype, we conclude that Daw/Babo function is required
upstream of, or in parallel to, the well-characterized BMP signal
that instructs presynaptic development at the NMJ.
Fig. 6. The dawmutant phenotype can be rescued by tissue-speciﬁc BMP and Activin pathway activation. (A) Quantiﬁcation of average bouton number at muscle 6/7 NMJ in segment
A5. Presynaptic expression of TkvA and postsynaptic expression of BaboA can compensate for the loss of boutons in dawΔ1/daw3 larvae, while the reverse is ineffective (*pb0.05,
**pb0.001). Error bars indicate SD. (B–E') Confocal images of the A2–A5 abdominal region labeled with anti-Futsch (green) and anti-HRP (red). In daw− larvae, expression of BaboA
in motoneurons (B, B') does not rescue Futsch levels, but TkvA expression restores Futsch in posterior segments (C, C', see arrow). Conversely, muscle-speciﬁc expression of BaboA
rescues Futsch levels in daw mutants (D, D', see arrow), while TkvA has no effect (E, E').
129J.E. Ellis et al. / Developmental Biology 342 (2010) 121–133The Daw/Babo signal regulates gbb expression
The fact that gbb is expressed in muscles (McCabe et al., 2003),
raised the possibility that its expression could be regulated by Babo
signaling. To test this hypothesis we used quantitative PCR tomeasure
the amounts of gbb transcript in muscles from babo mutants relative
to y−w− controls. As shown in Fig. 7A, the quantity of a gbb derived
PCR fragment was decreased by 52.1±4.4% when template mRNA
was extracted from babo− rather than y−w− control larval muscles.
This reduction is equivalent to an average 2.1±0.2 fold reduction in
gbb transcript levels in babo mutant muscles. A more modest
reduction in gbb transcript levels was detected in daw mutant larvae
using RT-PCR (data not shown).Wereasoned that if gbb transcription is downstreamofDawsignaling,
then tissue-speciﬁc expression of Gbb would be expected to rescue
bouton number and Futsch distribution defects encountered in daw−
larvae. We therefore drove UAS-gbb expression speciﬁcally in muscles or
in motoneurons in a daw− background, and assayed synaptic develop-
ment. ExpressionofGbb inmotoneurons failed to rescueboutonnumbers
compared to control daw−/−, OK6-Gal4 animals (Fig. 7B, p=0.058,
n=17 and 11). In contrast, expression of Gbb inmuscles restored bouton
number in segment A5 to 35.9±9.0, compared to 26.6±4.3 in daw−/−,
dMef2-Gal4 controls (Fig. 7B, p=0.0016, n=12 and 15). In both
instances, recovery of Futsch levels correlated well with the amelioration
of bouton numbers (Figs. 7C–D'). Taken together, the ability of Gbb to
rescue NMJ growth and Futsch expression levels in dawmutants, and the
Fig. 7. Activin signaling functions upstream of Gbb-mediated NMJ growth. (A) qPCR analysis indicates that in babo32/babo52mutants gbb transcript levels in larval muscles is reduced
to 47.9±4.4% of control. Quantiﬁcation is based on four trials performed in triplicate and two independent cDNA preparations. (B) Average bouton number at NMJ 6/7 in segment A5
of dawΔ1/daw3 larvae is unaffected by UAS-gbb expression in motoneurons (OK6-Gal4), but is signiﬁcantly increased by expression in muscles (dMef2-Gal4) (*pb0.05). (C–D') A2–
A5 region of ﬁlleted larvae labeled with anti-HRP (red) and anti-Futsch (green). Presynaptic expression of Gbb (C, C') is ineffective, but postsynaptic Gbb expression can restore
Futsch levels in daw mutants (D, D', see arrow).
130 J.E. Ellis et al. / Developmental Biology 342 (2010) 121–133signiﬁcant reduction of gbb expression in babo− larvae, argue that Activin
signaling regulates NMJ growth, at least in part through transcriptional
regulation of gbb.
Discussion
During larval development, coordination of synaptic development
and muscle growth depends on the exchange of anterograde and
retrograde signals. When this communication is disrupted, as in the
absence of the anterograde Wg signal, or the retrograde BMP signal,
larvae display defects in synaptic growth, structure and function. This
study shows that Daw and the canonical Activin signaling pathway
are redeployed in larval development to regulate synaptic growth at
the NMJ. Daw/Babo signaling is required in the muscle and promotes
transcription of the BMP ligand Gbb. Further, compromised Daw
signaling impacts microtubule organization and axonal transport.
These defects likely result in the reduced locomotor activity observed
in mutant larvae. This constitutes the ﬁrst demonstration that Activin
signaling plays a critical role in modulating synaptic growth and
development of the NMJ.
Activin signaling is required in the postsynaptic muscle for NMJ growth
We have shown that loss of Daw, or its signal-transduction
pathway components, Babo and dSmad2, results in reduced bouton
numbers and a compensatory increase in bouton size at muscle 6/7
NMJ (see Fig. 2). Several lines of evidence argue that Dawmust triggeran Activin signaling pathway in muscle cells for proper synaptic
growth. First, down-regulation of the Activin pathway in muscles
through directed expression of babo-RNAi results in a 33% reduction
in bouton number. In contrast, babo-RNAi expression in motoneurons
had no effect on NMJ growth (see Fig. 5). Consistent with this view,
upregulation of Activin signaling in motoneurons through expression
of BaboA, has little effect on bouton number in daw mutants, while
BaboA expression in muscles successfully rescues the NMJ phenotype
(see Fig. 6). Thus Activin signaling is required postsynaptically for NMJ
growth, in contrast to the well studied presynaptic requirement for
BMP signaling in this process (Marques et al., 2002; McCabe et al.,
2004; Rawson et al., 2003). In agreement with these studies we found
that disruption of BMP signaling using tkv-RNAi results in reduction of
bouton numbers and loss of Futsch at the NMJ only when the
transgene is expressed in motoneurons (see Fig. 5).
Where does the Daw signal originate? The core components
required for Daw signal transduction, babo, put, and dSmad2, are
broadly expressed during embryonic and larval stages (Brummel et
al., 1999; Das et al., 1999; Parker et al., 2006; Serpe and O'Connor,
2006). Daw is expressed in larval muscles where it can access its
receptor Babo, and it is likely that it acts as an autocrine signal.
However the ligand appears to be quite diffusible — daw pathﬁnding
defects can be rescued by restricted expression in disparate tissues
(Parker et al., 2006). Thus we cannot exclude the possibility that
Babo could also be activated by ligand from other sources in addition
to muscle derived Daw. The requirement for postsynaptic Activin
signaling during larval development contrasts with the earlier
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et al., 2006). This switch in directionality could result from instrinsic
differences in the two cell types, or from changes in the competence
of the neuronal cell or the muscle to respond to the signal over time.
Loss of Babo activity results in defects that are more severe
compared to daw− homozygotes, both at the level of bouton
numbers in segment A2 and the loss of gbb transcript (see Figs. 2
and 7). This disparity suggests that other ligands in addition to Daw,
are likely to contribute to Babo activation in the muscle. One
candidate is Actß that has been shown to utilize Babo in neuronal
remodeling and functions redundantly with Daw to promote Babo-
dependent proliferation of photoreceptor targets in the larval brain
(Zheng et al., 2003; Zhu et al., 2008). Actß is expressed in the larval
CNS (Lo and Frasch, 1999), and could signal to the adjacent muscle
making it a plausible candidate. The Drosophila genome also
contains two additional TGF-ß ligands, Myoglianin and Maverick
(Lo and Frasch, 1999; Nguyen et al., 2000), which are expressed in
muscles and could potentially activate Babo. However they remain
to be genetically characterized and their signal-transduction path-
ways are not fully resolved.Activin signaling modulates gbb expression
Our data demonstrate that the phenotypic defects encountered in
babo and dawmutant larvae are similar to those described for gbb, tkv,
sax, wit or Mad mutants (Aberle et al., 2002; Goold and Davis, 2007;
Marques et al., 2002; McCabe et al., 2003; Rawson et al., 2003; Wang
et al., 2007). The signiﬁcant overlap with respect to NMJ growth and
microtubule integrity, raised the possibility that the Activin and BMP
pathways could be functionally linked.
Two lines of evidence indicate that daw functions genetically
upstream of BMP signaling. First, in epistasis experiments, expression
of TkvA rescues both bouton number and Futsch staining in daw
mutants, demonstrating that upregulation of BMP signaling is able to
compensate for loss of Daw function in NMJ growth. As expected
given the neuronal requirement for BMP function, this rescue is
effective only upon presynaptic TkvA expression (see Fig. 6). A second
argument comes from the two-fold reduction of gbb mRNA levels in
babo mutants (see Fig. 7A), suggesting that dSmad2 directly or
indirectly promotes gbb expression in the muscle. Consistent with
this, we showed that defects in NMJ morphology and Futsch
distribution in dawmutants can be largely rescued by Gbb expression
in muscles (see Figs. 7B, D). The fact that postsynaptic Gbb expression
is sufﬁcient to rescue presynaptic aspects of the daw phenotype,
argues that reduced BMP signaling contributes to these defects.
However, our data do not rule out the possibility that Daw has
additional postsynaptic functions.
The ﬁnding that Activin signaling promotes gbb transcription in
the muscle raises several possibilities. It has been suggested that in
addition to regulating synaptic growth, Gbb/Wit signaling conveys a
retrograde homeostatic signal that initiates compensatory presyn-
aptic transmitter release in response to reduced postsynaptic muscle
depolarization (Haghighi et al., 2003). If gbb expression is sensitive
to the level of Activin signaling, babo could be part of a feedback
mechanism by which changes in muscle activity affect Gbb release,
and thus the response of the presynaptic cell. However, elevating
Activin signaling in muscle through expression of Daw or BaboA
does not signiﬁcantly affect bouton number, or gbb transcript levels
(LP, JE, and KA, unpublished data), arguing against this idea. Instead,
our data favor the alternative possibility that Babo signaling
provides a constitutive input that maintains gbb expression.
Furthermore, the ﬁnding that gbb expression is reduced but not
lost in babomutants (see Fig. 7A) suggests that in addition to Activin
signaling, gbb expression is dependent on other transcriptional
inputs.Activin and BMP signaling affect the microtubule cytoskeleton
The importance of microtubule integrity for neuronal function is
underlined by the ﬁnding that mutations in proteins that regulate
microtubule organization and stability have been identiﬁed as causes
of human diseases such as Hereditary Spastic Paraplegias, Hypopara-
thyroidism, mental retardation and facial dysmorphism (HRD),
Lissencephaly, Fragile-X mental retardation, and ALS8 (Kerjan and
Gleeson, 2007; Nishimura et al., 2004; Parvari et al., 2002; Riederer,
2007; Salinas et al., 2007). Characterization of Drosophila orthologs of
these genes has shown that they are required for synaptic growth and
function providing insight into the etiology of the diseases (Jin et al.,
2009; Pennetta et al., 2002; Sherwood et al., 2004; Trotta et al., 2004;
Zhang et al., 2001).
Previous studies have implicated BMP signaling in maintenance of
proper microtubule organization. In wing discs apical arrays of
microtubules are more abundant in cells exposed to higher levels of
BMP activity, and depletion of Tkv activity results in their loss (Gibson
and Perrimon, 2005). Wang et al. have established that BMP signaling
is required for microtubule stability in motoneurons, and larvae
lacking Tkv have reduced axonal tubulin and aberrantmicrotubules in
synaptic boutons (Wang et al., 2007). Here we show that in parallel
with its impact on axonal microtubule integrity, loss of BMP signaling
also alters Futsch distribution in motoneurons (see Fig. 5). This is
interesting since Futsch and vertebrate MAP1B are known to regulate
microtubule stability, and Futsch has been shown to affect synaptic
growth through its effects on the presynaptic microtubule network
(Bettencourt da Cruz et al., 2005; Hummel et al., 2000; Roos et al.,
2000). Furthermore, mutations in ankyrin 2, aPKC, and the kinesin
motor immaculate connections that result in altered Futsch distribu-
tion, also coordinately affect microtubule dynamics and synaptic
growth (Koch et al., 2008; Pack-Chung et al., 2007; Ruiz-Canada et al.,
2004). Previous studies have shown that Wg signaling can also affect
Futsch localization and presynaptic microtubule stability, possibly
through phosphorylation of Futsch via Shaggy, the Drosophila GSK3ß
ortholog (Gogel et al., 2006). It remains to be determined whether the
primary substrate affected by BMP activity is a microtubule structural
component, Futsch, or some other microtubule regulator.
We have shown that similar to tkv mutants, loss of Activin
signaling disrupts microtubule integrity and Futsch distribution, in
addition to impairing synaptic growth. These effects can be rescued by
neuronal expression of TkvA or gbb expression in the muscle (see
Figs. 6 and 7), arguing that Activin signaling is likely to affect
microtubule function indirectly, via its effect on the presynaptic BMP
pathway. Interestingly, in daw and dSmad2 mutants both the
reduction in bouton numbers and Futsch distribution defects are
more pronounced in posterior NMJs (e.g., in daw mutants, type Ib
boutons are reduced to 75% of control in A2 and 65% in A5; see Figs. 2
and 3). The increased sensitivity of posterior segments is consistent
with the axon transport defects encounteredwhen Activin signaling is
disrupted (see Fig. 4). It has previously been shown that posterior
segments innervated by longer axons are more acutely dependent on
microtubule motor function and show more severe reduction in
bouton numbers compared to anterior NMJs (Hurd and Saxton, 1996).
Therefore, disruption of axonal transport is likely to affect both
anterograde cargos required for synaptic growth and function, such as
Syt (see Fig. 4) and Futsch itself, as well as accumulation of pMad in
the cell body that is dependent on retrograde transport (McCabe et al.,
2003; Goold and Davis, 2007). By comparison with dSmad2 or daw
mutants, the severe loss-of-function babo alleles show comparable
loss of bouton numbers in A2 and A5 segments (55% and 62% of
controls, respectively). One explanation for this could be that when
Activin signaling is eliminated rather than reduced, the transport
defects are severe enough to compromise NMJ growth in both
anterior and posterior segments. This might explain why BMP
pathway mutants do not appear to show differential effects on NMJ
132 J.E. Ellis et al. / Developmental Biology 342 (2010) 121–133growth. Another contributing factor is that the BMP pathway also
inﬂuences synaptic development through microtubule-independent
mechanisms that are not distance sensitive.
Cooperation between Activin and BMP signaling
Our data argue that the Activin and BMP pathways act sequentially
at the NMJ. Daw/Babo signaling promotes transcription of the BMP
Gbb that in turn acts on the adjacent neuron. This relay mechanism is
likely to confer several regulatory advantages. At the simplest level,
control of gbb expression through the Activin pathway provides an
additional node for developmental and physiological inputs into NMJ
growth. A more interesting possibility is that these inputs could
stimulate both Daw and Gbb expression/activity independently,
constituting a regulatory network conceptually similar to coherent
type 1 feed forward loops, modeled for transcription factors
(reviewed in Alon, 2007). In this model, response initiation (e.g.,
gbb expression) occurs slowly as it requires two inputs (i.e., Daw and a
second signal), while down-regulation occurs rapidly as it is triggered
by loss of either input. A key advantage of this regulatory strategy is
that it efﬁciently ﬁlters out stochastic spikes, since only a persistent
signal would elicit a response. Important directions for future studies
include identiﬁcation and characterization of cis-elements that
control gbb and daw expression, and determining the impact of the
Activin pathway on synaptic function in addition to growth.
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